In current study, it is demonstrated that the rocking motion of a single microsphere can be excited by means of impulsive acoustic fields generated by air-coupled transduction and the transient response of the particle can be detected optically. Such observation indicates the existence of rolling moment resistance of particle-surface adhesion bonds. A set of experiments were conducted for measuring the rocking resonance frequency of a microsphere on a flat substrate. The waveforms corresponding to the transient out-of-plane displacement of the rocking particle are used to extract the work of adhesion of the bond between the particle and substrate. Some of the frequency responses of the particles exhibited small shifts in their peak frequencies, which are away from their resonance frequencies, when compared to those of the base motion. These shifts are attributed to the viscoelastic damping effect due to capillary water meniscus formation in the adhesion bond of the particle-substrate system.
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The rolling resistance moment exhibited by a microsphere is defined as the restoration moment that opposes the rolling motion of the microsphere adhered to a surface when subjected to external forces and/or moments. The strength and stability of the network of adhered round objects in a range of applications on the micro/nanoscale ͑e.g., particles, blood cells, and nanotubes͒ are related to this resistance moment, rather than the properties of the axial adhesion bond. The stiffness and strengths of particle-substrate bonds in the out-of-plane ͑axial͒ direction have been proposed and well established by many adhesion models. In these models, it is assumed that the pressure distribution in the contact area to be symmetric when an external field normal to the surface of the substrate is applied. The transition between the existing theories and their applicability zones is established for ranges of external loads, and an elasticity parameter is reported.
1 However, when the particle is subjected to an external rolling force and/or moment, the study of particle rocking and rolling requires a two-dimensional adhesion model and analysis, as the stress at the bond interface is no longer symmetric. That is, the external force applied results in the pressure variations in contact area at the leading edge and at the trailing edge of the contact with the substrate even prior to the onset of rolling. By decoupling the axial and rolling motions, a linear expression relating the particle rolling angle to the external moment is derived by considering the interfacial stress field created by an external force applied at the center of the spherical particle is available, 2 and it was established that under dynamic external excitation, this restoring force along with the rotational inertia of the particle could result in free oscillatory ͑rocking͒ vibrations of the particle with respect to its contact. 3, 4 The resulting asymmetric pressure field in the contact area creates a restoring moment in small rotational angles and shift in the contact area ͑Fig. 1͒. It has been often argued that the shift in contact area should be related to the lattice size and/or the molecular length of the particle and surface materials. From previous experimental data for a 21.4 m polystyrene latex ͑PSL͒ particle adhering to a silicon substrate, it was estimated that this shift in the contact area is in the range of 73-94 nm, which is 16%-20% of the contact radius, based on contact experiments using atomic force microscopy ͑AFM͒ microcantilever setup. 5 It is noteworthy that the rolling resistance stiffness of a particle is much softer than the stiffness of the axial adhesion bond.
In the conventional adhesion force measurement techniques, the adhesion forces between the particles and the substrate were statistically determined either by measuring the force required to remove or adhere a relatively large number of particles to a surface of interest. Commonly used techniques for adhesion measurements include centrifuge technique, aerodynamic technique, hydrodynamic technique, impact-spectrum method, and ultrasonic vibration method. 6 Particle adhesion and force studies for individual particles were performed with the aid of micromanipulators and AFM probes in the past. [7] [8] [9] In spite of the fact that extensive research has been dedicated for measuring the axial adhesion force between a particle and a substrate by detaching particles using AFM techniques, the rolling motion and resistance of a particle on a substrate have rarely been experimentally explored with a few exceptions. 5 The main disadvantage of axial detachment based AFM techniques in such experiments is that the particle has to be fixed/glued to the tip of a probe; therefore, it is essentially a destructive technique for fairly large particles. The rolling resistant moment and the work of adhesion of PSL particles on different substrates were estimated in a noncontact manner using an experimental method based on ultrasonic base excitation and interferometric sensing. 3, 4 In the current approach, the work of adhesion of the particle-substrate system is determined by extracting the natural frequencies from the response of the particle to a transient acoustic field. A set of experiments was designed and conducted for exciting and measuring the rocking frequency of a particle on a flat substrate. The present experimental setup is based on a measurement scheme for the axial motion of microparticle with a laser interferometer. In this experimental study, spherical PSL particles ͑Duke Scientific, Inc.͒ with an average diameter of 21.4 m were dry deposited on a coupon of silicon, which was adhered to a rigid aluminum stub. This coupon was mounted on a xy-translation stage of an optical microscope. The particlesubstrate system was excited by an air-coupled transducer ͑Airmar Technology Corporation͒ with a central frequency of 75 kHz and a bandwidth of 65-88 kHz, in a noncontact manner from side, mounted at an angle as depicted in Fig. 1 . As the expected axial motion and the rocking motion frequencies for the PSL-silicon system based on W A = 23.5 mJ/ m 2 are in the megahertz range ͑f A = 1.83 MHz͒ and in the kilohertz range ͑f R = 72.5 kHz͒, respectively, with a good frequency band separation, 3, 4 this particular transducer was selected for exciting the rocking frequency of the selected particle-substrate system. The transducer was excited by a square pulse from pulser/receiver ͑Panametrics, model 5077PR͒ at 100 kHz with pulse amplitude of 400 V and a pulse repetitive frequency of 100 Hz. The experiments were monitored by a charge coupled device camera embedded in an optical microscope. A laser Doppler vibrometer ͑LDV͒ ͓Polytek; vibrometer controller unit ͑OFV 3001͒, a fiber interferometer unit ͑OFV 511͒, and an ultrasonic displacement decoder ͑OVD 030͔͒ was integrated with the optical microscope; the laser beam of the fiber interferometer unit is transmitted through the microscope objective. The decoders of the LDV generate a waveform corresponding to the out-of-plane motion ͑␦͒ at the top of the particle in time domain ͑Fig. 1͒. The trigger line to the digitizing oscilloscope ͑Tektronix TDS 3052͒ was provided from the pulser/ receiver for synchronizing data acquisition. The size of laser spot of the fiber interferometer unit can theoretically be reduced to 0.5 m using a 100ϫ objective of the optical microscope. The laser spot was directed onto the top of the particle ͑inset of Fig. 2͒ on the surface and the axial response of the particle to this vibration field was measured using the LDV. This routine was repeated to measure the response of the surface of the wafer coupon to characterize the base excitation of the particle.
Following the dry deposition of 21.4 m PSL particles, sufficient time was given for the particles to relax and adhere to the wafer coupon. When the wafer coupon with the microspheres is excited by the air-coupled transducer, as described above ͑Fig. 1͒, it was observed that some of the particles on the wafer tend to agglomerate and form clusters, while some others tend to oscillate as single particles. 10 These single oscillating particles on the wafer were located for rocking frequency measurements. The laser spot of the fiber interferometer unit was focused on a particle using a 100ϫ magnification objective of the optical microscope. The transient axial motion of the particle was recorded from the oscilloscope for signal processing. The xy-translation stage was adjusted to focus the laser spot on the surface of the wafer ͑in the neighborhood of the particle͒ and the transient surface response was recorded to characterize the base excitation. 3 This procedure was repeated for several particles on the substrate and the corresponding waveforms were digitized and stored for signal processing.
The transient displacement waveforms of the PSL particle and the substrate in the neighborhood of the particle are depicted in Fig. 2 . The temporal response of PSL particles on the silicon coupon were transformed into spectral domain using the fast Fourier transform algorithm to determine the natural frequencies of the rocking motion, as depicted in Fig.  3 . The amplitude of the axial vibration of the particle to the excitation is considerably higher than that of the substrate response to the same excitation ͑Fig. 2͒ as the stiffnesses of the particle-substrate adhesion bond and the substrate are substantially different. The axial displacement ͑␦͒ measured by the interferometer is related to the angular motion of the particle ͑͒ in Fig. 1 as ␦ Х 2r͑1 − cos ͒. Based on Fig. 2 , the amplitude angular oscillation of the particle and the shift in contact radius are approximated as 0.06°and 11.98 nm, respectively, while the contact radius of a 21.4 m PSL microsphere on a silicon substrate, when no external load is applied, is estimated as 231 nm. The contribution of the axial extension of the adhesion bond to the measured axial displacement ␦͑t͒ is negligible compared to the measured axial displacement since the rotational bond is much softer than the axial adhesion bond and, consequently, their corresponding natural frequencies are well separated. 3, 4 A peak in the frequency spectrum of the particle at f R * = 76.5 kHz is observed which is not present in the substrate spectrum ͑Fig. 3͒. For better comparison, in Fig. 3 the amplitude of the substrate response in the frequency domain is multiplied by a factor in order to match with one of the frequency peak of the particle. The rocking frequency and the work of adhesion of a spherical particle with a radius of r and mass density of are related by f n = ͑1/2r
Refs. 3 and 4. The work of adhesion corresponding to the rocking frequency of this particle is calculated to be W A = 26.16 mJ/ m 2 . From the experimental trials with different particles at different locations on the wafer coupon, it was observed that some of the particles had the same frequency components as the substrate ͑indicating stronger than typical adhesion bonds͒ while some exhibited the rocking motion. From the frequency spectra of the particle and the substrate, it was also observed that some of the peak frequencies of the motion of the particles shift from those of the base motion, as depicted in the inset of Fig. 3 , for a range of frequencies. These frequencies do not correspond to the rocking natural frequency of the particle-substrate adhesion bond, and thus, such shifts could be attributed to the viscoelastic damping due to capillary effects and the local meniscus formation in the adhesion bond area of the particle-substrate system. The measured work of adhesion for the PSL-silicon system is close to the theoretical calculated value based on the adhesion and mechanical properties of the materials. The density, Young's modulus, and Poisson's ratio of PSL particles are taken as 1 = 1040 kg/ m 3 , E 1 = 2.77 GPa, and 1 = 0.33, and those of the silicon substrate as 2 = 2329 kg/ m 3 , E 2 = 127 GPa, and 2 = 0.28, respectively. The expected work of adhesion value were calculated as W A = 23.5 mJ/ m 2 from the Hamaker constants of the particle and the substrate materials.
In conclusion, air-coupled excitation and optical detection of the rocking motion of a single PSL microsphere on a silicon substrate are demonstrated and the work of adhesion of the particle-substrate system is extracted from the measured resonance frequency of the rocking particle. The work of adhesion determined from the measured natural frequency is in good agreement with the expected work of adhesion value. The frequency shifts observed in the frequency response of the particle when compared to the peak frequencies of the base motion are attributed to the viscoelastic damping effect due to capillary water formation in the adhesion bond of the particle-substrate system. 
